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Table 1 Mid times* of uranian ring occultations 

Ring Immersion Emersion 

6 19:18:56.56 20:17:50.43 
5 19:18:31.03 20: 18 : 11.02 
4 19: 18: 19.24 20:18:27.74 
()( 19:16:30.51 20:20: 18.76 
{3 19:15:42.38 20:21:05.74 
·ry t 19:14:25.46 20:22:21.60 
'Y 19:14:02.63 20:22:44.16 
{j 19: 13:29.49 20: 23: 18.05 
F. 19:11:10.02 20:25:28.10 

* On 26 April 1981 UT. 
t The occultation times for the 71 ring refer to the narrow core at its 

inner edge9
. 

of our model is still significantly larger than the error in deter
mining a ring occultation time. Hence, further improvements 
to our model should result in even more information about the 
Uranus system. 
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Thirring's solution1 for a rotating spherical mass is cited often 
as an example which exhibits induced Coriolis and centrifugal 
forces in general relativity2

•
3

• Previously, it was pointed out4 

that the 'centrifugal terms' proportional to the square of the 
angular velocity actually represented quadrupole effects. These 
effects arose as a consequence of the latitude-dependent veloc
ity distribution which generated an axially symmetric (non
spherical) mass distribution. This raises the question: Are there 
solutions to Einstein's equations which exhibit induced cen
trifugal force? If no such solutions exist, then the concept of 
induced rotation of inertial frames breaks down. Such a lack 
of connection between rotating masses and induced inertial 
frame rotation would in turn imply a breakdown of the 
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Machian5
'
6 idea that an inertial frame is a system of reference 

in which the stress-energy of the universe is at rest on the 
average7

• Here we demonstrate that there are solutions to 
Einstein's equations which exhibit induced centrifugal force 
(other solutions may also be of interest in this connection8

). 

As pointed out elsewhere", velocity-dependent density distri
butions can give terms easily misinterpretable as centrifugal 
force-a difficulty which can be circumvented by treating a 
body for which the symmetry of the density distribution is 
velocity-independent; such a body is a rotating cylindrical shell. 
Other important advantages of this choice of source geometry 
are that it generates a simple geometry within the shell, that 
is, the flat space-time (ref. 9 and W.J.S., unpublished thesis), 
and the solution is exact. When written in the appropriate 
coordinates, flat space is well understood and easily interpreted. 
Furthermore, as the solution is exact, no ambiguities arise due 
to approximations. 

A rotating cylindrical shell can be treated using a generaliz
ation of the Weyi-Levi-Civita10

'
11 metric 

ds 2 = -e +Z"' dt2 + e 2(y-"')(dr2 +dz 2) + r2 e-2"'(d<P- n dt)2 

and the corresponding vacuum field equations 

V2 1{1 = ir2 e-4"'V!1 · Vil 

V · (r 2 e- 4 "'V!1) = 0 

(1) 

(2) 

derived by Ehlers 12 and later independently by the authors (ref. 
13 and J.M.C. and W.J.S., unpublished). Here V and V2 are 
the usual flat space operators. The function -y is determined by 
quadrature from the equation 

(3) 

where the subscript denotes differentiation with respect to r 
and cylindrical symmetry has been assumed so that the deriva
tives with respect to z vanish. Inside the shell of uniform density, 
the only non-singular stationary exact solution is the flat space 
metric in rotating coordinates 

ds 2 = -dt2 +dr2 +dz 2 +r2 (d<(J-!1dt)2 (4) 

where n is a constant. This rotating form of the flat space-time 
is used to obtain an explicitly smooth match across the rotating 
shell; this form also facilitates an unambiguous identification 
of the Coriolis and centrifugal terms. The metric outside the 
shell can be obtained from the Weyi-Levi-Civita metric via the 
multivalued transformation dt' = dt + K d<P where K is a con
stant. The matching across the shell relates the constants n and 
K to the mass per unit length and angular velocity w of the 
shell. 

It is generally known that the geodesic equations correspond
ing to the flat space-time metric (3) contain Coriolis terms 
proportional to n and centrifugal terms proportional to fl2

• 

The frame in which all these terms vanish simultaneously is 
defined as the inertial frame. When the angular velocity w of 
the shell vanishes, !1 also vanishes. Thus, !1 can be interpreted 
as the induced angular velocity associated with the dragging of 
inertial frames. We conclude, therefore, that there are solutions 
of Einstein's equations which exhibit induced centrifugal as 
well as Coriolis forces in accordance with Machian ideas. 
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